Knowledge of the nitrogen-vacancy center formation kinetics in diamond is critical to engineering sensors and quantum information devices based on this defect. Here we utilize the longitudinal tracking of single NV centers to elucidate NV defect kinetics during high-temperature annealing from 800-1100
I. INTRODUCTION
Nitrogen-vacancy centers in diamond are point defects that are utilized for sensing [1] [2] [3] and quantum information applications [4, 5] due to their long spin coherence time [6] and optically accessible spin states [7] . Of significant interest are methods to synthesize negatively charged nitrogen-vacancy (NV − ) centers with minimal perturbation to the local environment, preserving the quantum and optical properties of the center. Full control over NV center formation requires a detailed understanding of all the underlying defect kinetics. While there has been progress in understanding NV center energetics [8] [9] [10] [11] and engineering NV − center formation kinetics [12] , here we show how a new tool, the tracking of thousands of individual NV − centers, lends insight into the formation, quenching, and orientation kinetics of a quantum defect in an ultrapure host.
We perform repeated vacuum annealing of chemical vapor deposition (CVD) diamond, and track individual NV − centers between anneals via photoluminescence confocal microscopy on a large experimental volume (360 × 360 × 25 μm 3 ). We show a 6-fold to 24-fold sample-and location-dependent increase in the overall concentration of NV − centers due to annealing at 980 • C. This indicates there is a source of vacancies within CVD diamond at moderate temperatures that enables one to significantly increase NV density without introducing additional lattice damage via irradiation. Individual NV tracking allows us to go beyond measuring simple net increases and decreases. Coincident with appearances, we are able to observe significant NV disappearances, with * srivatsa@uw.edu peaks in disappearances near 960
• C and 1050
• C. The disappearances near 960
• C would be completely masked by appearances in ensemble studies but its presence provides an essential clue regarding the quenching process at higher temperatures.
At 1050
• C, we observe large-scale NV − center orientation changes. After the first 1050
• C anneal, orientation changes are observed in the absence of a significant number of disappearances or appearances. Thus, only partial dissociation occurs at these temperatures. This lack of full dissociation indicates the observed disappearances at 960
• C are not due to NV-disassociation but due to a quenching source (e.g. H). Finally, beginning at temperatures above 1000
• C, we begin to observe almost complete NV quenching originating from the surface. In subsequent anneals, a quenching depth exceeding 100 μm is observed and appears to only be limited by the annealing time.
II. EXPERIMENT

A. Samples
Our studies are performed on three commercial CVD samples (Element Six). Samples A and B are "electronic grade" and have a substitutional nitrogen concentration of [N s ] < 1 ppb, according to the manufacturer. Sample C has [N s ] < 1 ppm. All samples have a {100} crystal orientation. Details of the growth conditions of the samples are not provided by Element Six, however the growth temperature of similar samples is around 830
• C [13] . 
B. Annealing
The diamond samples were annealed under vacuum (< 1e-7 mbar) with anneals conducted in order of increasing temperature. A ramp time of 2 hours was used. To minimize surface fluorescence, the samples were cleaned for 90 minutes in a fuming tri-acid bath (sulphuric, nitric, and perchloric acid) maintained at 250
• C prior to annealing.
Sample A was annealed for 2 hours at temperatures 800
• C, 900
• C, 1000
• C and 1100
• C and probed at 96 μm below the surface. In this data set, a large number of NV appearances (25% of the total population) and disappearances (20%) were observed at 1000
• C. At 1100
• C, disappearances dominated with the total NV density depleted by more than 80%.
The sample A study motivated a finer temperature study from 950-1050
• C performed further from the surface. This study was performed on sample B with annealing temperatures and times found in Table I . Annealing of sample C began at 980
• C in order to reproduce the NV appearances observed in sample B.
C. NV
− identification and tracking NV − centers were imaged via confocal microscopy. The centers were non-resonantly excited with a linearlypolarized 532 nm laser. The NV − phonon sideband emission was filtered (660-800 nm) and detected with an avalanche photodiode. The excitation polarization angle was used to probe NV − center orientation [14, 15] . We can distinguish two sets of orientations, with two orientations in each set, in our {100}-oriented diamond samples. The two sets are indicated as green and magenta in Figs. 1 and 2. An automated stage with tandem micrometers and precision piezo-actuators enabled the generation of precise spatial maps of every NV − center in the experimental area.
To characterize the outcome of each anneal, we performed two types of measurements: "large scans" and "depth scans". Large scans longitudinally tracked individual NV centers in the same (360 × 360 μm
2 ) area at a depth of 250 μm (96 μm) from the top surface for sample B (A) and a depth-of-focus of 25 μm. Large scans captured both sets of NV orientations. Image registration, aided by persistent luminescent defects and local NV constellations, was performed to match individual NV − center locations. The encoded NV − orientation data provided additional information to confirm location and was utilized to identify orientation changes. The NV − center appearances, disappearances and orientation changes were obtained through image processing and validated manually. Image processing details are provided in the Supplemental Information. Examples of NV appearances, disappearances, and orientations in confocal images can be seen in Fig. 2 .
Depth scans, performed in samples B and C, allow us to sample the NV density through the vertical cross-section of our diamond samples. A confocal scan (50 × 50 μm
2 ) was performed in five different regions in a quincunx pattern with 500 μm spacing. A single excitation polarization is used and depth scans do not track individual NV centers. For sample C, due to the high NV density, only depth scans were performed. Depth scans capture the NV density variation across and through the sample.
III. RESULTS
The results from both the large scans and depth scans are summarized in Figs. 3 and 4. In Fig. 3 , several anneals are combined due to an inability to match the entire scan area in the intermediate scans. For combined anneals, comparisons are made before and after the first and last anneal.
Appearances: In sample B, we observe the NV − center density increase during each anneal going from 950
• C to 980
• C. The continual observation of NV appearances motivated longer anneals (150 hours) starting at 980
• C to observe saturation affects. A lower NV creation rate is observed in the second 980
• C 150 hour anneal (anneal 12). An maximum 6-fold increase is observed after this anneal in the large scan data. The averaged data from the depth scans show a maximum 8-fold increase after anneal 15. The variation in both density and density changes are attributed to the spatial variation of defect densities incorporated during the growth process. Across the 5 depth scan regions, NV density varied by up to a factor of 3 laterally (see Supplemental Information).
To demonstrate the reproducibility of these appearances, the first anneal we performed on sample C was at 980
• for 150 h. This single anneal increased the NV concentration by a factor of 7. The maximum increase in NV density observed in this sample was 24-fold.
Disappearances:
In sample B at 250 μm below the surface, we observe a small number of disappearances initially at every anneal temperature increment. We observe a larger number of disappearances at 960
• C (Fig. 3 ). Very few disappearances are observed after the first 1050
• C anneal, suggesting the source of the quenching has been depleted. In sample C we can also visibly observe a decrease in NV density during the first 1050
• C anneal. (Fig. 4c) . In sample A, the majority of NV centers at a depth of 40 μm disappeared during the 1100
• C anneal. In sample B, as shown in Fig. 4a , similar disappearances toward the surface begin to happen around T ∼ 1000
• C.
Orientation changes: Significant orientation changes are observed at 1050
• C. As shown in the sample B data (Fig. 3) , the orientation changes are accompanied with an increase of disappearances during the first 1050
• C anneal. However, in subsequent 1050
• C anneals, orientation changes are not accompanied by a significant number of disappearances or appearances. Curiously, we observe a significant increase in orientation changes during the third 1050
• C anneal.
IV. DISCUSSION
Appearances: The appearances of NV − centers between 950-980
• C suggest mobile vacancies are being trapped by native nitrogen to form the NV center. Alternative explanations include the charge state change from NV 0 to NV − and the dissociation of NVH. In highpurity type IIa diamond, both the neutral and negatively charged state is stable for singe NV centers and the ratio of the two populations depends on excitation wavelength [16, 17] . With 532 nm excitation, the negatively charged state is the dominant charge state. The dissociation of NVH can also be ruled out as this complex is observed to be stable until 1400
• C [18, 19] .
Single vacancies can exist in diamond in one of three charge states, positive, neutral and negative (V + , V 0 or V − ). It is generally accepted that vacancies are only mobile in their neutral charge (V 0 ) state at temperatures above 700
• C with an activation energy of 2.3 eV [20] . Thus at the diamond CVD growth temperature [21] (≈ 830
• C), V 0 is mobile. However, it has been confirmed that the NV center forms as a unit during CVD growth [14, 22] and not via vacancy capture. Thus during growth, all vacancies incorporated are either in the immobile V − state or trapped in complexes. The high uniformity of the NV center appearances observed in all our large scans suggest vacancy point defects and not ex- Anneal #  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  Temperature,  • C 800 800 950 960 960 970 970 970 980 980 980 980 1000 1050 1050 1050  Time, h  2  10  10  10  10  2  10  20  2  10  150 150 150 150 150 150  Sample  B  B  B  B  B  B  B  B  B  B B,C B,C B,C B,C B,C B,C Table I . Anneals conducted on samples B and C. tended defects are the likely vacancy source. Additionally, the scale of NV appearances (a 6 to 24-fold increase in NV density) indicates this vacancy source should be abundant.
A possible vacancy source is the dissociation of divacancies (V 2 ); however this center, in both the neutral and negatively charged state, anneals out at 800
• C [23, 24] , far below our annealing temperatures. An alternative is the charge state conversion process from V − to V 0 state, followed by V 0 diffusion. In type Ib diamond, in which V − is known to be the dominant vacancy charge state, Davies et al. found that upon annealing, V − can be converted to V 0 to migrate to form NV − [20] . This charge transfer, believed to occur for trapped V − near nitrogen, happens quickly at T > 600
• C. If this is the primary mobile vacancy source in our samples, we would expect the saturation of appearances in the first anneal at a given temperature. However, we continue to see appearances in subsequent anneals. This may indicate NV formation occurs via direct V − migration and not mediated by a charge transfer process. V − is expected to be the dominant vacancy state if the dominant NV charge state is NV − [10] . Of course we cannot rule out that another unknown vacancy complex is the vacancy source. Finally we note that NV formation in the absence of irradiation has previously been reported between 1500-1600
• C [25, 26] in CVD diamond. The vacancy source in these reports could be similar to that which we observe in our lower temperature, longer timescale anneals, or could be due to dissociation of NVH [18, 19] or VH [27] .
Disappearances: Disappearances occur at temperatures below the full NV − dissociation temperature (which our data show must be above 1050
• C), strongly suggesting another impurity is being trapped at the NV site. Hydrogen is an ubiquitous impurity in CVD diamond due to the hydgrogen-rich growth environment, and is incorporated in many defect centers [28, 29] . For example, in similar CVD samples, the NVH density was found to be 10 times greater than the NV density [14] . Given the abundance of C, N, H, and vacancies in our samples, complexes either in the form of CH [30, 31] , NH [31] , V x H y [19, 32, 33] or N x VH y [19, 27, 34] are potential trap candidates.
A comparison of our experimental results and recent ab initio calculations indicate the NVH y complex, in which y = 1, 2, 3, is a plausible H source for the observed NV quenching near 960
• C. We do not consider N x VH y with x > 1 due to the low nitrogen concentration in our samples. Salustro et al. [34] calculated the dissociation energies, E H , for the following reaction path, The dissociation rate for a given reaction is given by R i = ν exp(−E i H /k B T ), in which ν is the attempt frequency and T is the annealing temperature (in K). If we assume R 1 (the rate at which NVH 3 → NVH 2 + H) becomes appreciable at 960
• C (the temperature at which we first observe disappearances), we find that R 2 ≈ R 1 at 1110
• C. While this temperature is higher than our observed second peak in disappearances at 1050
• C, we note that the 1050 • C anneal was more than 7 times longer than the 960
• C anneal. Extrapolating further to the dissociation of NVH, we obtain a temperature of 1330
• C. This is consistent with the experimental observation of NVH disappearance beginning near 1400
• C during shorter, 4 hour anneals [18, 19] .
We cannot use these annealing times to quantitatively predict when the ratios between R 1 , R 2 , and R 3 will become equal as disappearances typically saturate during each anneal, indicated by a significant decrease in disappearances in subsequent anneals. This saturation suggests a depletion of the H source. Qualitatively, however, the larger magnitude of disappearances at 1050
• C is consistent with a larger expected density [NVH 2 ] relative to [NVH 3 ]. Finally, we note the NV-NV separation is appreciable (many microns) in sample A and B. Given that [NVH 2,3 ] will be less than the [NVH] density, the NV-NVH 2,3 separation may be of similar micron-scale order. This suggests a large H-diffusion length and a long-range attractive force between NV and H giving a large capture cross-section. A large diffusion length is consistent with past observation of an 80 μm NV depletion layer after a hydrogen plasma treatment at elevated temperatures [35] ; However hydrogen diffusion estimates, based on observations of defect formation and quenching, appear extremely sample dependent and vary by many orders of magnitude [25, 36, 37] .
In sample B, near-total NV depletion near the surfaces was observed starting at 980
• C (Fig. 4b) , with the depletion layer growing in subsequent anneals. The surface dependence suggests a second hydrogen source. We believe this source is also the cause of the 80% depletion in sample A at 1100
Both NV PL quenching as well as enhancement has been reported in the literature over a wide range of temperatures from 1100-1500
• C [38] [39] [40] [41] , with higher temperature quenching often attributed to NV migration to form larger complexes [41, 42] . Due to short N migration length, complex formation can only explain quenching in high-N samples [25] . Our results indicate several factors may account for the observed variance in NV quenching: (1) Compositional sample variance with respect to hydrogen traps, (2) Simultaneous creation and quenching events with the specific annealing temperatures and times determining a net outcome in either direction and (3) the hydrogen content in the annealing furnace, suggested by our observed surface dependence of the depletion layer.
Orientation changes: Recently, a loss of preferential orientation was observed in ensembles of oriented NV centers [40] also at 1050
• C. The mechanism for this orientation change was believed to involve the full dissociation of the NV center with subsequent recombination with either the original N or another N (P1 center) in the lattice. Our single defect tracking shows that full dissociation does not take place at 1050
• C. If the vacancy is able to migrate, we would expect to observe orientation changes accompanied by NV − disappearances. If the vacancy diffusion length is comparable to the N-N spacing (∼1 μm in sample B), we would also expect to see new NV appearances. However, after an initial round of disappearances in the first 1050
• C anneal, we primarily only observe orientation changes. This suggests there is an attractive force, extending to at least the 3rd nearest neighbor (the minimum separation required for NV − re-orientation), between the vacancy and the nitrogen. While practical implementation may be challenging, this result opens a path toward preferential orientation by annealing under strain [43] without the loss of the center due to full NV dissociation.
Finally, we note that if many orientations changes occur during a single anneal, we would statistically expect 50% of the NV centers will undergo a detectable orientation change. The maximum fraction of orientations we observe is 0.36, during anneal 16, from which we estimate 54% of NV centers have undergone an orientation change (since we are unable to observe changes within the same orientation set). We can estimate the orientation-change barrier E b using orientation change rate R = νexp(−E b /kT ), with ν = 3 × 10 13 s −1 [43] , to find E b = 5.1 eV. This value is close to the theoretical value of 4.85 eV [42] determined by density functional theory calculations.
V. CONCLUSIONS
The formation and dissociation of observable defects has long been used to probe defect kinetics in crystals. For example, a model for vacancy diffusion in diamond was facilitated by correlating V 0 (GR1) emission, V − (ND1) absorption, and NV − emission in ensembles of defects [20] . However, ensemble measurements such as photoluminescence, visible and infrared absorption spectroscopy, and electron-spin resonance techniques, do not provide sufficient resolution and lack the sensitivity to probe competing mechanisms driving point defect kinetics (appearances vs disappearances; individual orientation changes). Nor do they typically have the sensitivity to probe ultra-pure diamond samples with very low defect density (< parts-per-trillion) such as those now utilized for quantum information applications. Here we extend this ensemble technique using confocal microscopy, a tool capable of detecting single defects in bulk crystals. Two surprising results relevant to engineering NV centers for applications are obtained: (1) the observation of NV density enhancement in the absence of sample irradiation at 950-980
• C and (2) NV orientation changes in the absence of full NV dissociation at 1050
• C. Furthermore, NV quenching, which would be masked in the presence of NV formation in ensemble measurements, suggests NVH x complexes are a likely candidate for the disappearance of NV centers at temperatures below 1050
• C. Thus we find that single NV centers are effective probes for vacancy diffusion, hydrogen diffusion, the dissociation of hydrogen traps (e.g. NVH x ), and partial defect dissociation in ultra-pure diamond.
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Optical measurements were performed using a home-built confocal microscope with a 0.75 NA, 40x objective (Nikon Fluor 40X). A piezo stage (MadCityLabs nano-positioner) was used for imaging 50x50 µm 2 area scans, while a micrometer stage comprised of two 25 mm actuators (Newport TRA25CC) was used to move to sequential scanning locations in steps of 40 µm. A 637 nm laser reflection signal was used between subsequent piezo scans to track the sample surface to maintain the experimental depth to within 2 µm. The nitrogen-vacancies were optically excited with a 532 nm diode laser (RGBLase LLC FB-532-100-FS-FS-010-1N) at powers between 4-5 mW with a spot size of 1.8×1.5×(10×2.4) µm 3 . A linear polarizer (ThorLabs LPVIS100) was used in the excitation path and a half-wave plate was used to preferentially excite a given NV orientation. NV phonon-sideband Photoluminesence from Sample C was attenuated with an optical density filter (Newport-530-OD3 or Newport-530-OD2) to avoid detector saturation. NV density calibration for the sample C was performed by measuring the point-spread function and count-rate of a single NV. Calibration measurements were performed after each anneal to account for microscope changes.
II. DATA ANALYSIS TECHNIQUES
Large scan stitching: Large scans, composed of 9 × 9 overlapping 50 µm × 50 µm scans for each of the two distinguishable orientations, were stitched into composite images with a custom tool. First, the tool performed normalization across all individual scans to ensure uniform appearance of NV intensities in the output images; then it calculated pairwise alignments (via digital image correlation with subsequent brute-force optimization) for all adjacent area scans along with corresponding misalignment scores. The final composite image was produced by selecting pairwise alignments forming a minimum spanning tree (MST, see Fig. S2(a) ) with respect to the misalignment scores. This fully-automated process generally produced quality results; however, in order to compensate for possible imperfections, the tool also allowed manual adjustments of pairwise alignments in the MST. The tool is publicly available on github (https://github.com/optospinlab/lateral-scan-analysis).
Registration of large scans: Successive pairs of large scans were aligned using affine homography transformation (performed by ImageJ ). Essentially, this transformation amounted to a rotation and perspective transformation such that NV centers present in both scans overlapped, which compensated for discrepancies in the orientation and tilt of the sample under the microscope. The overlapping regions of aligned pairs of successive scans were then compared by means of image subtraction, which allowed manual and automated detection of the changes in the spatial maps of the NV centers. 
Orientation changes(x, y) = abs( abs(F) − abs(E) × F)
For visualization of differences, the three matrices; Appearances, Disappearances and Orientation changes, represented by blue, grey and yellow colors respectively, are combined into a single RGB image to generate the difference image, shown in Fig. 2 . The next step after the identification of differences is to map the spatial location (x,y) of every NV with the corresponding changes, if any. This allows us to track the evolution of every individual NV − defect through all the anneals. This is performed by MATLAB code implementing the Circular Hough Transform (CHT) to detect NV − centers and record their centroid (see Fig. S2(b) ). This code also provides the total number of NV − centers and differences reported in Fig. 3 of the main text. A similar code is used to process the depth scan data. The processing code and raw data are available here upon request. Fig. S3 illustrates the inhomogeneity of the NV distribution across the sample. When taking depth scan data, 5 locations approximately 500 microns apart from each other were utilized. Fig. S3 plots the NV density in each of the 5 locations (corresponding to the different colors) at a depth of 240 microns. Note that between anneals, the locations corresponding to the same color are not exactly the same but can differ by up to ≈100 microns. We can see that the NV density can vary by up to a factor 3 at a given depth. The ramp and hold times were 2hr for every anneal. The appearances and disappearances were manually counted.
III. VARIATION OF Ns ACROSS SAMPLE B
Note: From our data shown in Fig. S4 we suspect prevalence of hydrogen that has diffused in through the top surface to a depth of ≈100 µm. After these measurements, the top surface of Sample A was etched 4 µm via two step argon/oxygen plasma RIE and then implanted with 15N (85keV and 1.4e10/cm 2 dose). However we did not observe any formation of NV centers (neither 5 NV 0 nor NV − charge state) even after high temperature vacuum annealing (2hr ramps; temperature profile -2hr 400C; 8hr 800C; 2hr 1100C). This could indicate formation of optically inactive NVH x or V x H y complexes.
